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Abstract The location of the Antarctic Polar Front (PF) is mapped in the Southern Indian Ocean by
decomposing the shape of temperature and salinity proﬁles into vertical modes using a functional Principal
Component Analysis. We deﬁne the PF as the northernmost minimum of temperature at the subsurface and
represent it as a linear combination of the ﬁrst three modes. This method is applied on an ocean reanalysis
data set and on in situ observations, revealing a seasonal variability of the PF latitudinal position that is
most pronounced between the Conrad Rise and the Kerguelen Plateau. This shift coincides with variations
in the transport across the Northern Kerguelen Plateau. We suggest that seasonal changes of the upper
stratiﬁcation may drive the observed variability of the PF, with potentially large implications for the
pathways and residence time of water masses over the plateau and the phytoplankton bloom extending
southeast of the Kerguelen Islands.
Plain Language Summary The Antarctic Polar Front (PF) is a water mass boundary that ﬂows
around Antarctica between approximately 48∘S and 56∘S in the Southern Indian Ocean. The position of
the PF in space and time is important to understand the oceanic circulation, the heat and salt exchanges,
and also marine ecosystems. In the Indian sector the PF has to cross the Kerguelen Plateau, a major bottom
topography feature. The present study develops and then applies a novel method for mapping the PF taking
into account the whole hydrographic structure in the upper 300 m of the ocean. We are able to map the PF
position and ﬁnd that it presents large seasonal variations that are more intense just west of the Kerguelen
Plateau. Between the Conrad Rise and the Kerguelen Plateau, the PF is essentially zonally orientated in
September and found farther south by up to 4∘ latitude in March. Shifts in the PF position are shown to
correlate with a seasonal variation in volume transport between Kerguelen and Heard Islands. We discuss
how these seasonal variations in circulation pathways could have an impact on the local marine ecosystems.
1. Introduction
The Southern Ocean circulation is dominated by the wind-driven Antarctic Circumpolar Current (ACC) ﬂow-
ing eastward and organized in three major fronts that inﬂuence the general water mass distribution. Most of
the ﬂow is carried by the well-deﬁned Subantarctic Front (SAF), while the Southern ACC Front (SACCF) stands
as the southernmost dynamic ACC front. In between lies the Antarctic Polar Front (PF) from 48 to 56∘S in the
Southern Indian Ocean (0–130∘E; Orsi et al., 1995). The PF is typically deﬁned as the northernmost extent of
the Winter Water and denotes the northern limit of salinity control on the stratiﬁcation, allowing a tempera-
ture minimum (T-min) at the subsurface to develop south of the PF (Pollard et al., 2002). The location of the
PF around Kerguelen has been studied previously (e.g., Park et al., 2014), yet there remains much uncertainty
especially in the region to thewest of Kerguelen Islands (30 to 75∘E; Figure 6b in ; Kim&Orsi, 2014).We recapit-
ulate the main previous mapping of the PF together with a companion table containing the methodologies




• A novel method classifying TS proﬁles
reveals the spatiotemporal variability
of the Polar Front (PF) in the Southern
Indian Ocean
• West of the Kerguelen Plateau, the
Polar Front follows the 49 degrees
south latitude in the Austral spring,
while in the autumn it is located at 53
degrees south
• This seasonal meandering covaries
with the transport over the Plateau,
suggesting important variations in
circulation pathways
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In the present study we propose a newway to identify the PF using a powerful dimension reductionmethod.
Previously, Pauthenet et al. (2017) analyzed the thermohaline structure of the Southern Ocean and they
showed that variations in the vertical shape of the Southern Ocean temperature (T) and salinity (S) proﬁles
down to 2,000 m could be reduced to two vertical modes that account for more than 90% of the observed
variability. The distribution of these low vertical modes can be linked to the spatiotemporal variations of the
major Southern Ocean frontal positions. Using this method, we objectively analyze the shape of T and S pro-
ﬁles from 5 to 300 m from a reanalysis and in situ observations and propose a robust deﬁnition of the PF. The
position of the inferred PF is then discussed in relation with the transport across the plateau. It is shown that
this newmethod eﬃciently maps the PF and gives new insights on the seasonal and interannual variability of
its position in the vicinity of Kerguelen.
2. Data and Methods
We apply a transformation technique on T and S proﬁles coined functional principal component analysis
(fPCA) in the multivariate case (Berrendero et al., 2011; Ramsay & Silverman, 2005). The source code used for
the analysis is available as an R package via Github (https://github.com/EPauthenet/fda.oce). In this section
we brieﬂy describe the data sets and methods used and we refer the reader to Pauthenet et al. (2017) for
further details on applying fPCA to a collection of T and S proﬁles.
2.1. Reanalysis Data
The proﬁles used to compute the vertical modes are T and S proﬁles from the Global Ocean Reanalysis (GLO-
RYS, GLOBAL_REANALYSIS_PHY_001_025; Ferry et al., 2016). This product is a reanalysis of the ocean state
obtained by constraining the Nucleus for European Modelling of the Ocean ocean model at 1/4∘ resolution
with in situ T andSproﬁles includingArray for Real-TimeGeostrophicOceanography (ARGO) andMarineMam-
mals Exploring the Oceans Pole to Pole (MEOP) proﬁles, satellite sea surface temperature, and along-track sea
level anomalies. We found that the subsurface temperature in the GLORYS ﬁeld is misrepresented in the PF
region before 2007, probably due to the lack of in situ observations to constrain the model (Figure S2). Thus,
we analyze the ∼10 million monthly mean T and S proﬁles, in the Southern Indian Ocean (0 to 130∘E and 40
to 70∘S) for the period 2007–2014 only. We also compute time series of the transport over the plateau by
integrating the GLORYS zonal velocity ﬁeld from the Antarctic coast toward the north. This gives stream func-
tion ﬁelds, and the diﬀerence of these values between Heard (53.1∘S, 73.3∘E) and Kerguelen (49.7∘S, 70.1∘E)
islands is taken as the bulk transport over the northern plateau.
2.2. Decomposition of the Thermohaline Structure
The goal is to analyze the shape of T and S proﬁles and their joint variations. The method requires proﬁles of
ﬁxed depth. Here we are constrained by the shallow bathymetry over the plateau, so we apply the method
to proﬁles of depth 5 to 300 m which corresponds to the ﬁrst 35 vertical levels of the GLORYS grid. The T and
S proﬁles are ﬁrst expressed as a linear superposition of B-splines functions. This step normalizes the proﬁles
from any observational platform ormodels. We choose a number of K = 20 B-splines per proﬁles correspond-
ing to an eﬀective resolution of 15 m by spline. B-spline coeﬃcients are stored in a table N × (2K) with each
observation being the K coeﬃcients for T and S proﬁles joined end to end. The fPCA then decomposes this
table into principal components (PCs), that is, uncorrelated linear combinations of the original variables, that
maximize the variance. The vertical modes of the Southern Indian Ocean are computed on the T and S pro-
ﬁles from GLORYS (2007–2014). These modes deﬁne a basis on which any T and S proﬁle can be projected. It
is thereafter possible to reconstruct the truncated T (q) and S(q) proﬁles by summing the q ﬁrst eigen functions
({𝜉Tk (z), 𝜉
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with the n = 1,… ,N proﬁle index, k = 1,… , K the mode numbers, z ∈ {5, 300} m the depth, and {T , S}
the mean reference T and S proﬁles. For readability, the PC values are noted PC1, PC2, etc… in the text and
ﬁgures, and y1, y2, etc… in the equations.
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2.3. Polar Front Detection
We rely on the phenomenological indicator of the PF that is the northernmost position of a subsurface T-min
(Botnikov, 1963) anddeﬁne the separation in thePC space that corresponds to it. The existenceof a subsurface
T-min implies the presence of a gradient inversion in T between the subsurface and deeper waters. When this
gradient is positive (negative) downward, the subsurface T-min (does not) exists and the proﬁle is located
south (north) of the PF. The criterion is thus recasted into a condition on the T gradient.
Diﬀerent values for the subsurface depth have been tested on several in situ sections, and it was found that
values between 150 and 170 m gives similar results, so we use 160 m as the subsurface depth. To identify the
limit of the PF in the PC space, we use the truncated T proﬁles of order q = 3 (equation (1), for ranges of PC
values spanning the Polar Front Zone (between the SAF and the PF) and Antarctic Zone (between the PF and
the Southern Boundary). Thus, the sign of the vertical T gradient between 160 and 300 m is then associated
to PC values. The boundary between the two zones corresponds to a plane in the PC1/PC2/PC3 space of
equation CPF = ay1 + by2 + cy3 + d such that the norm of the T vertical gradient between 160 and 300 m is
minimized. The criterion is then simplyCPF = 0 at the PF,CPF < 0 for proﬁles showing a T-min at the subsurface
(i.e., south of the PF) and CPF > 0 for the homogeneous proﬁles of the Polar Front Zone (i.e., north of the PF).
Note that coeﬃcients of the polynomial CPF depend on the actual fPCA eigen modes; however, they rely on
an underlying assumption independent of the method of decomposition.
2.4. In Situ Data
The PF detection is validated by projecting in-situ MEOP (Roquet et al., 2018) and ARGO (Argo,
2000) proﬁles on the fPCA basis. Since 2004, elephant seals have been equipped with high-accuracy
conductivity-temperature-depth satellite-relayed data loggers providing T and S proﬁles along their tracks
(Treasure et al., 2017). Here we use the proﬁles that have been interpolated on a regular vertical grid (1-dbar
spacing) from the MEOP-conductivity-temperature-depth database (version 2017-11-11). We found 54,667
MEOP proﬁles extending from 5 to at least 300m deep in our study area over the 2007–2017 period. One key
advantage of this data set is the availability of ﬁnely resolved sections across the PF at diﬀerent times of the
year (Roquet et al., 2009) that will be used to assess the robustness of our criterion.
ARGO proﬁling ﬂoats measure the temperature and salinity of the upper 2,000 m of the World Ocean (Riser
et al., 2016). They constitute the main source of hydrographic proﬁles nowadays, including in the Southern
Ocean north of 60∘S. We use the 77,934 ARGO proﬁles sampled over the 2007–2017 period in the study area.
3. Results
3.1. Vertical Modes
The ﬁrst three vertical modes are suﬃcient to describe 97% of the variance, a value similar to the one found
for the whole Southern Ocean (96%; Pauthenet et al., 2017). The average spatial distributions of the twomain
PCs are presented in Figures 1a and 1b, and the vertical shape of the modes is shown in Figure 1c.
The ﬁrst vertical mode accounts for 73% of the variance and captures the general gradient of warming and
saltening of the water column with increasing latitude, marking the SAF sharply (Figure 1a). The variations of
T and S explained by the ﬁrst mode are homogenous down to 300 m (Figure 1c). A positive (negative) PC1
corresponds to warmer (colder) and saltier (fresher) waters, with slightly less salinity stratiﬁed waters for a
positive PC1 (Figure 1c). T and S contribute almost equally to this PC (57% and 43%, respectively). The second
mode (21%, Figure 1b) is driven primarily by salinity (65%). High positive PC2 values correspond to colder
waters at all depths (Figure1c). Theeﬀectof PC2on salinity is larger at 300mthanat the surfaceand is opposite
in shape to that of the eﬀect of PC1 on salinity (Figure 1c). It means that positive PC2 values correspond to
more salinity stratiﬁed waters. The spatial distribution of PC3 (Figure S3c) presents a positive blob over the
Northern Kerguelen Plateau (PC3 > 0.2). PC3 accounts for a smaller variance (3%) and is mainly driven by
salinity (90%) in the upper 100 m (Figures S3a and S3b).
The distribution of T and S proﬁles in PC1/PC2 space is shown in Figure 1d, featuring a Z-shape typical of the
Southern Ocean corresponding to (from left to right) the Antarctic continental margin, the Antarctic Zone,
and the convergence zone north of the PF. The ﬁrst two PCs covary north of the PF and in the Antarctic conti-
nental margin (Figure 1d). However, in the Antarctic Zone, PC1 is almost constant and PC2 reveals additional
structures such as the intense Fawn Trough current (Roquet et al., 2009) across the Kerguelen Plateau and
contours following the SACCF.
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Figure 1. The PF is a transition between PC1 and PC2 as illustrated by their mean spatial distribution (a) and (b) based on GLORYS (2007–2014), with a 0.25
contour interval. The PF is represented by the contour of CPF = 0 (black bold) and CPF = ±0.05 (black dashed, +0.05, and dotted, −0.05). Climatological SAF, PF,
and SACCF from Kim and Orsi (2014) are added in purple dashed contours. (c) Representation of the eﬀects of adding (+) and subtracting (-) the ﬁrst two vertical
modes (
√
𝜆k𝜉k) on T and S mean proﬁles (black lines) (with 𝜆
k the eigen values; see Pauthenet et al., 2017). (d) Two-dimensional kernel density estimate of the
mean PC1 and PC2 values, with a 0.2 contour interval. The PF criterion is represented as a black segment with the range ± 0.05 in dashed and dotted lines. The
SAF and SACCF are represented as segments of y2 = −0.17 and y2 = −2y1 + 0.04, respectively, visually corresponding to the fronts of Kim and Orsi (2014) in the
maps (a) and (b). PC3 map and vertical modes are shown in Figure S3. PF = Polar Front; SAF = Subantarctic Front; SACCF = Southern ACC Front; PSU = practical
salinity unit.
3.2. Polar Front Position and Variability
The coeﬃcients of the plane (see section 2.4) deﬁning the PF criterion are CPF = 0.82y1 − y2 + 0.16y3 − 0.38
(Figures 1a, 1b, and 2). It can be visualized as a segment (y2 = 0.82y1−0.38) on the space PC1/PC2 (Figure 1d).
PC3 has been kept in the analysis because it provides aminor contribution in the vicinity of Kerguelen (Figure
S3). The average subsurface (200 m) T and S values at the PF (CPF = 0) are 2.61∘C (±0.45 std) and 34.04 PSU
(±0.06 std) over the 0 to 130∘E longitude domain and the 2007–2014 period (Figure S4).
The PF presents a clear seasonal cycle that is ampliﬁed between the Conrad Rise and the Kerguelen Plateau
before being constrained along the southeastern edge of the Kerguelen Islands (Figure 2a). During Austral
autumn (March-April-May) the front is found farther south over the plateau (52 versus 47∘S in September),
advecting water northward fromHeard Island to Kerguelen Island (Figure 2a). The seasonal magnitude of the
PF latitude position (1.77±1.21 std degree latitude) is larger than the interannual magnitude (1.05±0.63 std
degree latitude). The PF presents a nonsigniﬁcant interannual southward trend over the 2007–2014 period
(3 × 10−3 latitude degree/year, p value= 0.317, Figure 2b).
We present the distribution of MEOP and ARGO in situ observations with the locations color coded according
to their CPF zs (Figure 2c). Note that the diﬀerent products are not independent as the GLORYS reanalysis has
been constrained by both ARGO and MEOP data. The PF is identiﬁed in yellow by |CPF| < 0.05 to visualize
the range of the spatial variations (Figure 2c). This range corresponds to an average temperature variation at
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Figure 2. Maps of the PF latitudinal band in the Indian sector displaying (a) the monthly mean and (b) the annual mean PF position from GLORYS (2007–2014).
The in situ proﬁles from ARGO and MEOP (c) for the period 2007–2017 are successfully classiﬁed with the same criterion. Note in (a) and (c) the large seasonal
variation west of the Kerguelen Plateau and in (b) no signiﬁcant shift of the PF over the period 2007–2014. PF = Polar Front; MEOP = Mammals Exploring the
Oceans Pole to Pole; ARGO = Array for Real-Time Geostrophic Oceanography.
the surface of 0.37∘C (±0.52 std) and an average latitude range of 0.31∘ ± (0.30 std). The largest spread of the
±0.05 limit is located west of Kerguelen, characteristic of a weaker water mass boundary (Figures 1a and 1b).
The northernmost (September) and southernmost (March) extents of the GLORYS-based fronts are consistent
with the in situ proﬁles classiﬁcation (Figure 2c).
To investigate on the seasonal variations in PF position, we present two T and S sections from MEOP that
extend southof Kerguelen in twodiﬀerent seasons (Figure3). The sections are locatedalong the70∘Emeridian
in April (returning to Kerguelen) and October (leaving Kerguelen) 2014. In April 2014, the GLORYS PF contour
is located south of 52∘S and is deﬂected north approaching the Kerguelen Plateau, which is visible in the
northern part of section 1. The T-min at the subsurface is marked, and its northernmost limit ends around
52∘Swhere the criterion CPF changes sign (Figure 3a). In October 2014, the PF is not found south of Kerguelen
as revealed in section 2 where CPF values are negative for all proﬁles (Figure 3b). So in October 2014, the
PF is either disrupted or located north of the Kerguelen Islands as the blue contour indicates in Figure 3g.
Visual inspection of a large number of seal sections crossing the PF conﬁrms the robustness of our method to
detect the place where the T-min vanishes marking the position of the PF. Two further examples of sections
conﬁrmanorthernmost position of the PFwest of Kerguelen during theAustral summer (November 2011 and
December 2009, Figure S5).
Associated with the seasonal shift in the location of the PF, we ﬁnd a seasonal cycle in the transport between
Heard and Kerguelen Islands, computed from the GLORYS velocity ﬁelds (Figure 4). This seasonal cycle is anti-
correlated (−0.34) with the average latitude position of the PF between 60 and 70∘E. The maximum mean
transport (2.34 Sv) is in March, when the PF is southernmost (∼52∘S over the plateau, Figures 2 and 4). This
transport has amedian seasonal signature of 26% of its maximum amplitude (3.34 Sv on July 2012): in August
themedian transport is of 1.48 Sv (±0.83 std) compared to 2.34 Sv (±0.61 std) inMarch. The average transport
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Figure 3. Example of two in situ MEOP sections that illustrate the spatial variability of the PF over the plateau. Section 1 (ct98-42-13) is sampled from 23 April
2014 to 5 May 2014 (April) and section 2 (ct112-047-14) from 20 October 2014 to 23 October 2014 (October). The panels (a) and (b) represent the criterion CPF
computed for each proﬁle. The proﬁles are on the PF (|CPF|<0.05, yellow dot), in the PFZ (CPF >0, red dot), or in the Antarctic Zone (CPF <0, blue dot). (c, d, e, and
f ) The T and S sampled along the tracks. Panel (g) is the map of the trajectories leaving (#2) Kerguelen and returning (#1) to Kerguelen. The contours are the PFs
(CPF=0) derived from GLORYS in October 2014 (blue) and April 2014 (black). MEOP = Mammals Exploring the Oceans Pole to Pole; PF = Polar Front; PFZ = Polar
Front Zone.
estimated across the plateau over the period 2007–2014 (2.02 Sv ±0.57 std) is consistent with previous
estimates (∼2 Sv, Park et al., 2009).
4. Discussion and Conclusions
Weused an objectivemethod developed in Pauthenet et al. (2017) to decompose inmodes the vertical struc-
ture of T and S proﬁles and locate the PF in the upper 300mof the Southern Indian Ocean, between 2007 and
Figure 4. The transport between Heard and Kerguelen Islands (orange)
computed from GLORYS is anticorrelated with the average PF latitude
between 60 and 70∘E (black). The PF latitudes from GLORYS (black full line)
are estimated with our criterion CPF = 0, like plotted in Figure 2. The PF from
the SSH ﬁeld is estimated by selecting a contour of the AVISO ﬁeld (AVISO,
2009), following Kim and Orsi (2014; black dashed lines). The lines are the
medians, and the shadings are the 25% and 75% quartiles of the
distributions of latitude and transport, for the period 2007–2014.
PF = Polar Front; SSH = Sea Surface Height.
2014. The decomposition method we used is robust as it maximizes the
useof available information frombothT andSproﬁles insteadof relyingon
a single depth criterion in standard hydrographic methods. A future goal
would be to describe the circumpolar fronts of the Southern Ocean, either
by looking for gradients in the PC maps or by deﬁning criteria on T or S
such as the one we developed here for the PF. The method is here applied
to T and S proﬁles; however, it would be straightforward to include other
properties in the decomposition (e.g., nutrients, chlorophyll, and oxygen)
for biogeochemical applications.
The PF is best seen as a bend in the T and S proﬁles distribution in
the PC1/PC2 space (Figure 1d) supporting the idea that the PF marks a
fundamental change of stratiﬁcation within the Southern Ocean (Pollard
et al., 2002). Our climatological PF is in best agreement with the studies of
Kim and Orsi (2014) and Park et al., (2009, 2014; see Figure S1). The period
2007–2014 is too short to assess interannual variability, yet thePFpresents
no signiﬁcant meridional shift in GLORYS which is consistent with several
studies using surface gradients of sea surface height (SSH) (e.g., Chapman,
2017; Graham et al., 2012) but goes against the single SSH value criteria
that identify a southward shift of the fronts (e.g., Kim & Orsi, 2014; Sokolov
& Rintoul, 2009). A clear seasonal shift that is ampliﬁed between the Con-
rad Rise and the Kerguelen Plateau is documented. It was also described in
Kim and Orsi (2014) as it is also captured by a SSH value criterion yet with
a much weaker magnitude than in our analysis (Figure 4) suggesting once
more that tracking the frontal positions with a unique SSH value works
only approximately.
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The correlation between the frontal position and the transport across the Kerguelen Plateau (Figure 4) sug-
gests a role of thebottomtopography in steering thePF. The region to thewest of Kerguelen is prone tohaving
large variations of velocity and direction between the surface and deep currents, which can be explained by
considering Stommel’s beta spiral (Hughes & Killworth, 1995) :
𝜕z𝜃 = −
N2w
f |u|2 , (2)
with 𝜃 the angle of the geostrophic velocity vector u,N2 = −(g∕𝜌0)𝜕z𝜌 the Brunt-Väisälä frequency, f the Cori-
olis parameter, andw the vertical velocity. West of Kerguelen, the water masses are ascending the Kerguelen
Plateau to bypass it, so w> 0, inducing a cyclonic (clockwise) spiral downward. As the current u is weak and
the stratiﬁcation is more intense in summer (i.e., higher N2), the angle of the currents west of Kerguelen
should vary more with depth, allowing surface currents to pass across or north of the plateau, while the deep
currents skirt the plateau to the south. It is therefore expected that the summer stratiﬁcation facilitates the
seasonal shift of the PF in the ﬁrst 300m, being pushed south bywarmer and fresher waters brought from the
northwest by the ACC (Figures 3c and 3e). This regime of fresher and warmer water is well captured by PC2
and is visible as a patch of PC2< −1 values around Crozet and Kerguelen Islands (Figure 1b).
The large seasonality of the PF has various implications for the circulation, biogeochemistry, and ecology in
the region that requires further investigation. Marine apex predators (penguins, albatrosses, and seals) are
known to rely on the frontal zones for foraging (Bost et al., 2009). For example, the latitudinal position of
the PF between 47 and 60∘E is directly linked with the survival rate of the king penguin population from
the Crozet Islands (Bost et al., 2015; Péron et al., 2012). Seasonal meandering of the PF may have signiﬁcant
implications on the foraging strategies ofmarine predators.The seasonal change inwatermass pathways over
the Kerguelen Plateau could be important for the transport of chemical elements on the plateau. Sanial et al.
(2015) speciﬁcally found that chemical elements to the east of Kerguelen originated from the shelves of the
Kerguelen Islands implying a transport of chemical elements across the PF. But in the Austral autumn our PF is
advecting water northeastward between Heard and Kerguelen Islands, so these chemical elements may also
be advected in part from the shelf of Heard Island.The seasonal meandering of the PF over the plateau can
inﬂuence the large annual phytoplankton blooms (∼45,000 km2) southeast of the Kerguelen Islands, starting
around November and then collapsing around February (Blain et al., 2007). This bloom is an important sink
of CO2, controlled by the natural iron fertilization of surface waters. The iron is essentially transferred from
the bottom sediment of the plateau to the mixed layer by internal tides (Park et al., 2008) and a deep mixed
layer which further favors the transfer. The observed seasonal shift of the PF is connected to local changes
in stratiﬁcation that may inﬂuence the mixed layer depth variations and the residence time over the plateau,
thus shaping the distribution and timing of the bloom. Further investigation of the dynamics of the observed
meandering of the PF is needed to fully comprehend the marine ecosystem over and east of the Kerguelen
Plateau and assess how they might respond to ongoing climate changes.
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Erratum
In the originally published version of this article, an error was identiﬁed in section 4, the third paragraph. The
sentence “West of Kerguelen, the water masses are ascending the to bypass it, so w > 0, inducing a cyclonic
(clockwise) spiral downward.” should have read “West of Kerguelen, the water masses are ascending the Ker-
guelen Plateau to bypass it, so w > 0, inducing a cyclonic (clockwise) spiral downward.” This error has since
been corrected, and this version may be considered the authoritative version of record.
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